Corrosion of AA7075-T73 aluminum alloy during machining process was studied. An experimental device was proposed in order to simulate machining procedure. A design of experiments -DOE was used in order to evaluate what process parameter is significant. Some electrochemical tests based on open-circuit potential vs time measurements and potentiodynamic polarization were performed in machining fluid of low and high chloride concentrations. Results from DOE showed that the chloride concentration in machining fluid and the presence or not of a zinc coating on the bench vice jaw material in the machining system, along with the interaction between these both factors are significant. OCP results showed oxide growth with time in low and high chloride concentration machining fluid. Passivity breakdown was only observed in high chloride concentration machining fluid. Best fitted parameters were applied to a large scale aeronautical manufacturing company, achieving 95 % reduction in corrosion appearance on the manufactured parts.
Introduction
AA7075 aluminum alloy is a high strength precipitationhardenable alloy used to manufacture aircraft parts such as wings structures and hydraulics components due to its high strength-to-density ratio [1] [2] [3] [4] . The higher mechanical resistance of this alloy is achieved by alloying with elements such as Cu, Zn, Cr, Mg, [1] [2] [5] [6] [7] . Intermetallic phases containing Fe and Si, such as Al 7 Cu 2 Fe, Al 23 CuFe 4 and Mg 2 Si are commonly found in this alloy as inclusions and may have a deleterious effect on fatigue resistance [8] [9] . Although the addition of elements improves mechanical properties, the AA7075 alloy has lower corrosion resistance due to corrosion potential difference between second phase and matrix. For example, intermetallic compounds containing Zn and Mg are anodic compared to the surrounding aluminum matrix 7,10 , while intermetallic particles containing Fe, Cu and Mn have a cathodic behavior, which leads to severe micro galvaniccoupling corrosion, making AA7XXX alloys usually prone to galvanic corrosion, pitting corrosion, stress corrosion cracking -SCC, crevice corrosion, exfoliation corrosion, dealloying and intergranular cracking. The potential difference between intermetallic phases is the main driving force for localized corrosion and copper-containing compounds such as Al 7 Cu 2 Fe have dissolution potential hundred millivolts more positive than aluminum base metal [11] [12] [13] .
AA7XXX alloy production process consists in solubilizing alloying elements, followed by quenching and age hardening treatments. Several heat treatments were developed and for aeronautical applications, T6 and T7 heat treatments are generally applied. The T6 heat treatment leads to the highest mechanical properties, while T7 is an overaging heat treatment process that promotes η' metastable and η equilibrium phases precipitation, and increases the precipitation coarsening at grain boundaries. This coarsening explains the higher resistance to SCC and exfoliation corrosion in type T73 temper 11, 12, [14] [15] [16] [17] .
The manufacture of AA7075-T73 parts for aeronautical applications is composed of the following steps 1-2 :
Machining → deburring → penetrant liquid inspection → anodizing → sealing → extra parts assembly (to protect fragile parts) → final inspection
Although the T73 heat treatment employs a second aging process for corrosion resistance improvement, the alloy may undergo corrosion during machining step where surface material is constantly removed in contact with machining fluid and has direct contact with other machining equipment parts, such as the bench vice jaw. Machining fluid is a complex mixture of petroleum compounds, commercial bactericidal oil, commercial cutting fluid, and other solutions. The pH of the machining fluid is slightly basic in order to protect the machining equipment, but aluminum tends to form complex oxides at high pH levels 3, 16 . Several process parameters must be taken into account and controlled during machining AA7075 alloy for aeronautical components, such as the use of protective oil before and after machining, chloride concentration in the machining fluid, Fe contamination from previous steel machining that remains in the machining fluid.
The purpose of the study was to investigate what parameters in the machining step were significant for the appearance of corrosion on AA7075-T73 alloy. An experimental device was developed to simulate the machining process. A design of experiments (DOE) was employed to analyze and evaluate the parameters to be controlled in machining aircraft parts.
Some electrochemical experiments based on open-circuit potential measurements and potentiodynamic polarization were carried out in machining fluid with low and high chloride concentrations.
Experimental Procedure
AA7075-T73 aeronautical parts were supplied by a multinational manufacturer company due to out-of-specification final dimensions after machining step. These parts were cut longitudinally and it was assured that all samples had the same superficial area. Figure 1 shows two samples.
The machining process was simulated by an experimental device consisting in a hydraulic system composed of two reservoirs and one hydraulic pump, which constantly sprayed machining fluid through a pistol grip hose onto the samples with the same pressure as in the machining equipment. Figure 3 shows a schematic drawing of the device used to perform the experiments. The two reservoirs had a small difference in height, so that the machining liquid did not become stagnant in one reservoir, assuring the constant composition of the fluid.
Commercial machining fluid with a sulfate/phosphate free bactericidal oil was used. These ions are known to cause oxidation of aluminum at basic pH levels.
Most variables to be studied were directly related to the machining process and some parameters were associated to some procedure right after machining: chloride concentration in the machining fluid, superficial state (Zn-coated or not coated) of the bench vice jaw in the machining equipment (part that holds the aluminum part at the CNC lathe and has direct contact with the sample part), AA7075-T73 machined part storage condition after machining step for oil protection (wet with the machining fluid or cleaned and dried in oven), iron contamination concentration in the machining fluid and waiting time to receive the oil protection after machining process. Corrosion analysis was performed after the waiting time.related to each experiment. The values of these factors can vary in specific ranges during machining process according to aeronautical standards. A low level and a high level for each variable were defined according to industry know-how. A 2 n-p fractional factorial DOE was created using Minitab software. Table 1 shows the controlling factors and their respective low and high levels. Figure 4 shows the experimental device simulating the machining process. Other factors as spraying pressure of fluid, pH (7.5-8.0), water hardness (higher than 4 dH) and spraying time (6 hours) were controlled in order to not influence the experimental results. For B parameter - Corrosion of the aluminum alloy appeared right after the machining process was finished. Figure 2 shows, as an example, a machined part that presented corroded areas. Device state, it was used a 2 cm x 3 cm block of the same material used for the bench vice jaw in industrial machining equipment, i.e. cast iron (high level in Table 1 ). The lowlevel condition corresponds to the block coated with zinc layer ( Table 1 ). The block was tightly attached to the sample during the experiments. After each experiment, images of the sample surface were obtained by optical microscopy and the corroded areas were quantified by image analysis software -ImageJ (open source image analysis software). It was set the same scale for all images. Figure 5 shows three corroded regions on one image and the respective and total corroded areas. The total corroded area for each sample was used as response variable for the DOE.
To provide more information on corrosion of AA7075-T73 alloy during machining, conventional electrochemical tests were also performed. The tests were carried out in the machining fluid using low (100 ppm) and high (400 ppm) chloride concentrations. The solutions were naturally aerated and without stirring. A typical three-electrode cell Table 2 shows the combination of process parameters for the 16 experiments performed according DOE. The last column presents the values of the response variable (total corroded area). Figure 6 shows the Pareto chart of the effects of the controlling variables on the response variable. Results from the DOE analysis show that presence or not of Zn coating on bench vice jaw coating -factor B, and chloride concentration in the machining fluid -factor A are the main factors that contribute to the corrosion appearance on AA7075-T73 parts. The interaction BA is also significant, showing that the bench vice jaw superficial state and chloride concentration have together an extra contribution to the final corrosion amount. On the other hand, factors C (part condition for oiling), D (iron contamination in the machining fluid) and E (waiting time for part to receive protective oil) that were expected to be crucial factors for corrosion control did not present significance for corrosion appearance. Figure 7 shows the BA interaction plot. In statistics, an interaction may arise when considering the relationship among control variables, and describes a situation in which the simultaneous influence of two variables on a third is not additive. In this case, this relationship depends on the values of the interacting variables. From Figure 7 , the worst condition during machining process is not-coated bench vice jaw device and the machining fluid with a high chloride concentration, leading to the highest corroded area. With low chloride concentration in the machining fluid, the state of the bench vice jaw had almost no influence, showing low superficial corrosion. When zinc-coated device is used, it corrodes preferentially to the AA7075-T73 part, since zinc is anodic when compared to aluminum in the galvanic series; then no corrosion of the part is observed. When the bench vice is not coated, the material, cast iron, is in contact with the AA7075-T73 part. Then, the bench vice jaw is now cathodic and the aluminum part is anodic in the galvanic couple. In low concentrated chloride fluid, the galvanic current certainly was low and almost no corrosion of the aluminum part occurred. On the contrary, at high concentrations of chlorides, the galvanic current was high and severe corrosion was observed.
Results

DOE results for machining step
Trim technical bulletin 20 also reported that chloride ions present in softened water is particularly aggressive in corrosion processes. It is also stated that the pair of two dissimilar metals can lead to galvanic current and to the corrosion of the less noble part. This is congruent with our results as it was shown that a zinc-coated bench vice jaw leads to lower corrosion of the aluminum alloy machined parts than an uncoated device (cast iron). Kostadin et al. 18 studied the effect of cutting fluids on the corrosion behavior of martensitic stainless steels using gravimetric and electrochemical techniques. They also used statistical methods based on L18 Taguchi orthogonal array and the smaller-the-better criterion. They showed the nonsignificant influence of cooling method on the corrosion resistance of the machined surface.
Electrochemical results
Ramakrishnan et al. 19 also investigated the corrosion of copper in drawing fluids using the same methodology. They observed that the characteristics of water for mixing (pH, conductivity) are very important and that the presence of salts, such as chloride, can cause the corrosion of tools and copper machined parts. This latter fact is in accordance with our results on the significant effect of chloride concentration in machining fluid. The final potentials after 1.5 h immersion, which are known as corrosion potentials Ecorr, are -0.649 V/SCE and -0.785 V/SCE in low and high chloride concentration fluid, respectively. The less noble Ecorr value in high concentration chloride solution indicates the aggressive character of the chloride ions. Figure 9 shows the potentiodynamic polarization curves of AA7075-T73 alloy in low1.2 x 10 -7 A.cm -2 and high chloride concentration machining fluid. The corresponding corrosion current density values obtained by the usual Tafel extrapolation method using Cview automatic Tafel fitting tool were 1.2 x 10 -7 A.cm -2 and 5.5 x 10 -7 A.cm -2 , respectively. This proves that machining fluid containing low chloride concentration is less aggressive. This result is consistent with DOE analysis that showed that low chloride concentration is the better condition for using machining fluid.
The anodic polarization curve obtained in low chloride concentration fluid shows stability of the oxide film up to 1 V/SCE. On the contrary, breakdown of the oxide film is observed at +0.696 V/SCE in high chloride concentration fluid (Figure 9 ). Some oscillations of current before breakdown are attributed to pitting/repassivation phenomena.
The conditions leading to the lowest level of corrosion according to DOE (Figures 6 and 7) , which are the zinccoated bench vice jaw and chloride concentration below 100 ppm were applied in the multinational manufacturer company that supplied the AA7075-T73 alloy parts for the study. The scrap due to corrosion process in the machining step was reduced by over 95 %.
Conclusions
The corrosion of AA7075-T73 parts during machining process in aeronautical industry was studied. For this purpose, an experimental device was developed.
The effects of some process parameters were evaluated using a design of experiments.
The presence or not of a Zn coating on the bench vice jaw (part that holds the aluminum part during machining) and the chloride concentration in the machining fluid were the significant factors that affected the appearance of corrosion on aluminum parts.
There was also an interaction between the chloride concentration and the bench vice jaw state. High chloride concentration and a not coated bench vice jaw led to a higher corroded area.
Other investigated factors, such as waiting time to apply the protective oil, the machined part condition before the oil application and the iron contamination of the machining fluid were not significant for the occurence of corrosion on the AA7075-T73 parts.
These results may lead to significant changes in machining procedures for aeronautical components manufacture, like:
-There is no need to clean and dry the component part to apply the protective oil, reducing time during AA7075-T73 parts manufacture; -Iron contamination of the machining fluid has no effect on corrosion of AA7075-T73 alloy;
-The waiting time to use the protective oil on the parts is acceptable up to 21 days. This leads to a great cost reduction due to decrease in oil consumption. Electrochemical tests performed in machining fluid with low and high chloride concentrations (100 and 400 ppm) showed a passive behavior of AA7075-T73 in both solutions. Nevertheless, the alloy shows higher corrosion current density and passivation breakdown in high chloride concentration fluid. 9. Gupta VK, Agnew SR. Fatigue crack surface crystallography near crack initiating particle clusters in precipitation hardened legacy and modern Al-Zn-Mg-Cu alloys. International Journal of Fatigue. 2011;33(9):1159-1174.
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